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ABSTRACT 

We study the redshift evolution of galaxy pair fractions and merger rates for different types of galaxies using 
kinematic pairs selected from the DEEP2 Redshift Survey, combined with other surveys at lower redshifts. By 
parameterizing the evolution of the pair fraction as (1 +z) m , we find that the companion rate increases mildly 
with redshift with m = 0.41 ±0.20 for all galaxies with -21 < M e B < -19. Blue galaxies show slightly faster 
evolution in the blue companion rate with m = 1 .27 ± 0.35, while red galaxies have had fewer red companions 
in the past as evidenced by the negative slope m = -0.92 ± 0.59. The different trends of pair fraction evolution 
are consistent with the predictions from the observed evolution of galaxy number densities and the two-point 
correlation function for both the blue cloud and red sequence. For the chosen luminosity range, we find that at 
low redshift the pair fraction within the red sequence exceeds that of the blue cloud, indicating a higher merger 
probability among red galaxies compared to that among the blue galaxies. With further assumptions on the 
merger timescale and the fraction of pairs that will merge, the galaxy major merger rates for 0.1 < z < 1 .2 are 
estimated to be ~ 10~ 3 /7 3 Mpc" 3 Gyr _I with a factor of 2 uncertainty. At z ~ 1.1, 68% of mergers are wet, 8% 
of mergers are dry, and 24% of mergers are mixed, compared to 31% wet mergers, 25% dry mergers, and 44% 
mixed mergers at z ~ 0.1. Wet mergers dominate merging events at z = 0.2- 1.2, but the relative importance 
of dry and mixed mergers increases over time. The growth of dry merger rates with decreasing redshift is 
mainly due to the increase in the co-moving number density of red galaxies over time. About 22% to 54% of 
present-day L* galaxies have experienced major mergers since z ~ 1.2, depending on the definition of major 
mergers. Moreover, 24% of the red galaxies at the present epoch have had dry mergers with luminosity ratios 
between 1 :4 and 4: 1 since z ~ 1 . Our results also suggest that all three types of mergers play an important role 
in the growth of the red sequence, assuming that a significant fraction of wet/mixed mergers will also end up 
as red galaxies. However, the three types of mergers lead to red galaxies in different stellar mass regimes: the 
wet mergers and/or mixed mergers may be partially responsible for producing red galaxies with intermediate 
masses while a significant portion of massive red galaxies are assembled through dry mergers at later times. 

Subject headings: galaxies:interactions - galaxies:evolution - large-scale structure of universe 



1. INTRODUCTION 

According to the A-dominated Cold Dark Matter (ACDM) 
model, major mergers of galaxies are an important pro- 
cess in the formation of present-day massive galaxies. The 
merger rate of dark matter halos and galaxies as well as 
its evolution have now been widely s tudied with TV-body 
simulations and semi-analytical models dLacev & Colej l 19931: 
Governato et all 1 19991 IGottlober. Klvpin. & Kravtsovl boOU 
Khochfar & Burked 1200 It iMaller et all 120061: iBerrier et al l 
20061: iFakhouri & Mai 120071: iGuo & White! 120081: iMateusI 
Measuring the frequency of galaxy close pairs and 
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galaxy merger rates thus provides powerful constraints on 
theories of galaxy formation and evolution. The galaxy 
merger fraction is often parameterized by a power law 
of the form (1 + z) m . Observational studies of galaxy 
merger rates using both close pairs and morphological 
approaches within the last decade have foun d a diverse 
range of m values from m ~ to ~ 4 (IZepf & Kool 
19891: iBurkev. Keel. &Windhorstll 19941: ICarlbergetal.l | 19» ' 



json I1995t 

Neuschaefer et all 119971 iPatton et al.l Il997t ICarlberg et al 
2000[lLe Fevre et al. 2000: Pa tton et al l2002l:|Consehce et al 
2003[ lBundvet al.1 l2004t iLinet alJ |2004 ICassataetal 



2005E Conselice 2006; Bell et al. 2006bl: lLotz et al.l 120081: 



Kampczyk et al. 2007; Kartaltepe et al. 2007). This discrep- 
ancy may arise from the different sample selections across 
different redshift ranges, as well as from different procedures 
used to correct for the sample incompleteness. The rela- 
tively mild evolution of observed galaxy mergers found in the 



tively mild evolution or observed galaxy mergers round in me 
literature dCarlberg et all 120001; iBundv et all 120041; iLin et al.l 
2004; L otzetal.1 12008) seems to be in contradiction to the 
rapid increase of halo merger rates with reds hift predicted in 
jV-body numerical simulations where m ~ 3 dGovernato et al.l 
119991; IGottlober. Klvpin. & Kravtsovl |2001|) . Nevertheless, 
such comparison may not be adequate since the latter were 
focused on the merger histories of distinct halos which host 
one or multiple galaxies. On the other hand, the mergers of 
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subhalos in A^-body simulations offer a better analogy to the 
observed ga laxy mergers . In a recent study using A^-body 
simulations. iBerrier et al.l d2006l) find that the companion rate 
of subhalos increases mildly wit h redshift out to z ~ 1, con- 
sistent with the data presented in lLin et all (12004). 

Despite the successful agreement between pair counts of 
observed galaxies and subhalos in simulations, it is not yet 
clear whether low or mild evolution of the pair fraction 
and merger rate still holds for different types of galaxies. 
The intrinsic color distribution of galaxies has been shown 
to be bi-modal since z ~ 1 dBelletalJ 12004 iFaber et al] 
2007). It is thus expected that the effects of interactions 
and mergers between various types of galaxies on their fi- 
nal products can be different. For example, 'wet mergers' 
(mergers between t wo gas-rich galaxies) can trigger addi- 
tional star formation dBarton et al.ll2000t lLambas et al1l2003h 
Nikolic. Cullen & Alexanderl2004]IWoods. Geller, & B arton 
20061: iLin et aljl2007t iBridge et alj|2007t [Barton et al.ll2007l) . 
cause quasar activity (Hopkins et al. 2006) and transform disk 
galaxies into ellipticals dToomre & Toomrelll972h . On the 
other hand, the so-called 'dry mergers' (mergers between two 
gas-poor galaxies) may not involve dramatic changes in the 
star formation rate, but can play an important role in the 
stellar mass growth of massive red galaxies at the current 
epoch dTran et alj|2005l:lvan Dokkuml2005l;lBell et all2 006a: 
FaberetalJ 2007: M cintosh et all 12 007: Khochfa r & Burked 
2003, 2005; Naab, Khochfar, & Burkert 2006; Cattaneo et al. 



2008). In addition, the relative fraction of mixed pairs ver- 
sus separation might yield clues on the effectiveness of a red 
galaxy to shut down the star formation even of other galaxies 
in its neighborhood. Quantifying the merger rates of galaxies 
between different types is therefore an important step towards 
understanding how present day massive galaxies are built up. 

While recently there have been several efforts attempt- 
ing to estimate the merger rates of certai n categories, 
they were mainly focused on red galaxies (|van Dokkuml 



20051: iBell et al.ll2006atlMasiedi et al] l2006t lLotz et alJl2008b 
Masiedi. Hogg. & Blantonl 20071) . Yet no direct observational 



measurement of the relative abundances of wet, dry, and 
mixed mergers has been provided, despit e that they have been 
explored in recent the oretical studies (iKhochfar & Burkertl 
120031: ICiotti et al.ll2.Q07l) . In this work, we investigate the evo- 
lution of the pair fractions for different types of galaxies and 
obtain the relative fraction of major merger rates among var- 
ious types of mergers for the first time. We classify close 
galaxy pairs into three different categories (blue-blue pairs; 
red-red pairs; mixed pairs) based on galaxy colors. As a first 
approximation, blue galaxies are gas-rich while red galax- 
ies are gas-poor. We therefore calculate the merger rates of 
wet mergers, dry mergers, and mixed mergers using the num- 
ber statistics from blue-blue pairs, red-red pairs and mixed 
pairs. There is however possible contamination of red gaseous 
and blue gas-poor galaxies in our analysis. Recent stud- 
ies of galaxy morphologies have suggested that about 20% 
of red galaxies appear to be either edge-on d isks or dusty 
galax ies and hence are likely to be gas-rich dWeiner et al.l 
120051) . On the other hand, there also exist blue spheroidals 
that c ould be gas-poor, a lthough these are relatively rare ob- 
jects dCassata et al.l l2007). Since both cases of contamination 
discussed above affect only a minority of the red sequence and 
blue clouds respectively, classifying different types of merg- 
ers based on their colors should be a good approximation. The 
pair sample is constructed based on their rest-frame B-band 
luminosity Lb as often used in the literature. While the stel- 



lar mass range of red and blue galaxies selected with fixed Lb 
could be different, Lb is shown to be a goo d tracer of dynami- 
cal m ass for a wide range of Hubble types dKannappan & Weil 
2008). Therefore, in this work we select major-merger candi- 
dates based on the ratio of Lb regardless of the color differ- 
ence. 

The galaxy sample at 0.45 < z < 1.2 is take n from the 
DEEP2 Redshift Survey dDavis et al.ll2003l 12007]) and Team 
Keck Redshift Survey in GOODS-N (IWirth et al.ll2004l) . We 
also supplement o ur low redshift samp le (z < 0.45) using 
the SSRS2 survey (Ida Costa et al.ll 19981). Millennium Galaxy 
Catalog (hereafter MGC. lLiske et al.ll2003b iDriver et alJ2005t 
[ Allen et al.l l2006h and CNOC2 Redshift Survey (lYee et al.1 
2000). The combined samples yield the largest number of 
kinematic pairs out to z ~ 1 .2 to date and enable study, for the 
first time, of galaxy merger rates for wet mergers, dry mergers 
and mixed mergers as a function of redshift. 

In §2, we describe the selection of close pairs. In §3, we 
present our results on the pair fractions for blue and red galax- 
ies, as well as the derived merger rates for different merger 
categories. A discussion is given in §4, followed by our con- 
clusions in §5. Throughout this paper we adopt the following 
cosmology: H = 100/z km s" 1 Mpc" 1 , O m = 0.3 and fl A = 0.7. 
The Hubble constant h = 0.7 is adopted when calculating rest- 
frame magnitudes. Unless indicated otherwise, magnitudes 
are given in the AB system. 

2. DATA, SAMPLE SELECTIONS, AND METHODS 

Close pairs are potential progenitors of merging galaxies 
and hence present an opportunity to study the different types 
of mergers before coalescence takes place. Thanks to the 
high spectral resolution of DEEP2 (~ 30 km s" 1 ) and TKRS 
(~ 60 km s" 1 ), we are able to select kinematic pairs at 
0.45 < z < 1 .2, which require accurate spectroscopic redshifts 
of both pair components in order to reduce the contamination 
by interlopers. Three other redshifts surveys including galax- 
ies at lower redshift (z < 0.5) - SSRS2 , MGC, and CNOC2 - 
are also added to our sample. 

2.1. K-correction and Sample selection 

The rest-frame Z?-band magnitudes (Mb) and U — B colors 
for DEEP2 galaxies at 0.45 < z < 0.9 a re derived in a sim- 
ilar way to that in IWillmer et alJ d2006l) . For galaxies with 
0.9 < z < 1.2, the rest-frame U-B color is computed us- 
ing the observed R-z m ega color, where z mega is the z-band 
magnitude obtained from CFHT/Megacam observations for 
DEEP2 Fields in 2004 and 2005 (Lin et al. 2008, in prepara- 
ti on). The ^-correcti ons for the TKRS sample are described 
in lWeiner et all d2006l) . 

We started from a sample of galaxies with -21 < M e B < -19, 
where M e B is the evolution-corrected absolute magnitude, de- 
fined as Mb+ Qz- The values of Q are foun d to be close to 1 . 3 
up to z ~ 1 for either blue or red galaxies dFaber et al.ll2007h . 
Throughout this paper, we therefore adopt Q = 1.3 to ensure 
that galaxies within the same range of the luminosity function 
are being selected. Kinematic close pairs are then identified 
such that their projected separations satisfy 10 /r'kpc < r p 
< r m ax (physical leng th) and rest frame relative velociti es Av 
less than 500 km s" 1 dPatton et alJl2000tlLin etaT]|2004l) . 

Galaxies are further divided into the blue cloud and red 
sequence using the rest-frame magnitude dependent cut for 
DEEP2 and TKRS (in AB magnitudes): 



I/-fi = -0.032(M B + 2 1.62) +1.035. 



(1) 
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Fig. Q] shows the rest-frame color-magnitude diagram for one 
of the DEEP2 fields (EGS) in three redshift bins. The solid 
lines denote the above color cut to separate the blue and red 
galaxies. The vertical dotted lines in each panel indicate the 
approximate bright and faint limit of Mb corresponding to 
-21 < M e B < -19. It can be seen that the red galaxies are 
not complete in the highest redshift bin (bottom left) due to 
the R = 24.1 cut in the DEEP2 sample. We will discuss how 
to deal with such incompleteness in §3.1. 

For the low redshift samples, simple rest-frame color cuts 
g - r = 0.65 (in AB) and B - R = 1 .02 (in AB) are applied to 
MGC and CNOC2 respectively. In Fig. |2] we plot the rela- 
tion between the rest-frame g - r and U—B (top) and between 
the rest-frame B-R and U—B (bottom) using the synthesized 
colors from templates of Kin ney et al.l d!996l) . As shown in 
Fig. |2] there is a fairly good correlation between these col- 
ors. Therefore the g—r cut for MGC and the B-R cut for 
CNOC2 can still provide good correspondence of blue and red 
galaxies at low-redshifts to the DEEP2 sample. Fig. [3] shows 
the color versus the evolution-corrected Z?-band magnitude for 
MGC and CNOC2 (top and bottom, respectively), with the 
two dotted lines corresponding to the -21 < M| < -19 cut. 
Blue-blue pairs, red-red pairs, and mixed pairs (hereafter b-b, 
r-r, and mixed pairs respectively) are classified according to 
the color combination of the pairs. In total, we have 218 b-b 
pairs, 122 r-r pairs, and 166 mixed pairs with 10 /r'kpc < r p 
< 50 /r'kpc and Av < 500 km s -1 from combined samples. 

2.2. The Spectroscopic Selection Function and Weights 

To measure the incompleteness of the DEEP2 survey and 
hence the selection function, we compared the sample with 
successful redshifts to all objects in the photometric cata- 
log that satisfy the limiting magnitude and any photometric 
redshift cut. The selection function is expected to depend 
on an unknown and complex interplay among observables 
and intrinsic properties of objects. With data too limited to 
undertake multi-dimensional investigations of the selection 
function, we make the simplifying assumption that the selec- 
tion function is separable in the d ifferent observed variables 
d^Ellingson, & Carlberg 1996). By assuming that fluxes 
are the only observables correlated to the other observables of 
galaxies, we restrict the definition of the selection function to 
be 



S — S m S c Ssb S XY — S m (R) 



S c (B-R,R-I,R)S SB QiR,R) S xy 
S m (R) 



S m (R) S„,(R) 
(2) 

where S m is the magnitude selection function, S c is the appar- 
ent color selection function, Ssb is the surface brightness se- 
lection function and S xv represents the geometric (local den- 
sity) selection function. S c , Ssb, and S xy are all normalized 
to the magnitude selection function, S,„. The spectroscopic 
weight w for each galaxy is thus 1/S, which is derived from 
its apparent R mag, B-R and R — I colors, R band surface 
brightness, and local galaxy density. 

The magnitude selection function S m (R) (the left panel of 
Fig. H} of each galaxy is computed as the ratio of the number 
of galaxies with good redshift qualities to the total number 
of galaxies in the target catalog in both cases considering a 
magnitude bin of ±0.25 mag centered on the magnitude of 
the galaxy. The color selection function S C (B-R,R-I,R) (the 
middle panel of Fig. @]i is computed by counting galaxies 
within ± 0.25 R magnitude over a B-R andR-I color range 
of ± 0.25 mag. Similarly, the surface brightness selection 



function (the right panel of Fig. |4|i is performed within ±0.25 
mag in [lr and ± 0.25 mag in R. The geometric selection 
function S xy (xy,R) is similar to magnitude selection function 
but has a localized effect. We take the ratio between the num- 
ber of galaxies with good quality redshifts and the total num- 
ber in the targeted catalog in an area of radius 120" within a 
± 0.25 R- magnitude range. The left panel of Fig. [5] shows 
the distribution of S xy . Finally we use Equation|2]to compute 
the total selection function S, which leads to the spectroscopic 
weight for each galaxy in DEEP2 as w = 1 /S. 

Besides the selection function for each individual galaxy, 
we also investigate the selection dependence o n pair sepa- 
ration using analogous procedures adopted by Patt on et aTl 
(2002). In principle, the target selection is unlikely to place 
slits on close pairs simultaneously since the slit orientations 
constrained to be less than ±30 degs from the slit mask ori- 
entation. In addition, we are not able to put slits on objects 
that are very close to each other because their separate spec- 
tra will overlap. The suppression of close pairs, however, is 
not a severe problem in DEEP2 because each field has been 
observed with two masks. To quantify this effect, we measure 
the angular separation of all pairs in the redshift catalog (z- 
z pairs) and in the target catalog (p-p pairs) respectively and 
then count the number of pairs (N zz and N pp ) within each an- 
gular separation bin. While counting the pairs in the redshift 
catalog, each component of a pair is weighted by a geometric 
selection function S xy (xy) to exclude the effect due to the vari- 
ance in the local sampling rate. The angular selection function 
Se is computed as the ratio between the weighted N zz and N pp . 
The angular weight, we, for each galaxy is hence l/Se (see 
the right panel of Fig. 01. 

We repeat the above analysis for the TKRS sample except 
that the ACS B — V and V - i colors are used when calculat- 
ing the color selection function. The selection function and 
weights for SSRS2, MGC, and CNOC2 samples are com- 
puted in the same manner as described in lPatton et al.l (l2000i 
l2002h . 

3. RESULTS 

3.1. The Pair Fraction for the Blue Cloud, the Red Sequence 
and Full Galaxy Sample 

We first compute the pair fraction N c , defined as the average 
number of companions per galaxy: 



N c = 



Ntr. 



(3) 



where N lol is the total number of galaxies within the chosen 
absolute magnitude range, wj is the spectroscopic weight for 
the jth companion belonging to the ith galaxy, and w(8)/j 
is the angular selection weight for each pair as described in 
§2.2. While the blue galaxy sample is volume-limited for 
the adopted magnitude range -21 < M e B < -19, because of 
the R = 24.1 cut in the DEEP2 sample, lower luminosity red 
galaxies beyond z ~ 1 are not contained in the sample. To esti- 
mate the missing fraction of galaxies, we extrapolated the de- 
rived red luminosity function of DEEP2 dWillmer et al.ll2.Q06h 
and calculated the expected total number of galaxies between 
-21 < Mb+ Qz < -19 at z ~ 1.1. These predicted numbers are 
then compared to the predicted number of galaxies between 
-21 < M B + Qz < M;, mi ,(24.1), where M/,, m ,(24.1) represents 
the faint limit imposed by the apparent R=24. 1 cut used by 
DEEP2. The latter comprise ~ 42% from which we estimate 
that about 58% of the galaxies could be missing in the sam- 
ple. Therefore we apply a correction factor of 2.4 for each red 
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FIG. 1. — Restframe U -B vs. absolute fi-band magnitude for galaxies 
in one of the DEEP2 fields (EGS). The solid lines denote the color cut (see 
Equation [T} to separate the blue and red galaxy populations. The vertical 
dotted lines in each panel indicate the approximate bright and faint limit of 
absolute B magnitude (Mb) at the mean redshift of each redshift range used 
to pick up pair samples. 
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FIG. 2. — Synthesized g - r vs. U — B color and B - R vs. U — B color 
from galaxy templates of Kinney et al. (1996). It can be seen that both the 
rest-frame g—r and B—R colors correlate well with the rest-frame U—B color. 
The solid lines denote the color thresholds adopted in our work to separate the 
blue and red galaxy populations for MGC and CNOC2 samples respectively. 



companion at z > 1 in addition to the usual spectroscopic and 
angular separation corrections. 

Fig. [6] (see also Table [1} shows N c versus redshift with 
fmax =30 h kpc, 50 h~ l kpc, and 100 h~ l kpc (from top to 
bottom, respectively) from four types of measurement: a) N c 
from all pairs regardless of colors; b) the average number of 
blue companions per blue galaxy N' c ' ; c) the average number 
of red companions per red galaxy ; d) the average number 
of companions of galaxies with opposite colors to that of the 
primary galaxies N" 1 . Types b) and c) are equivalent to the 
pair fraction within the blue cloud and red sequence respec- 
tively. If the pair fraction is fitted by N c (0)( l +z) m with both 
N c (0) and m as free parameters, we find that m varies among 
different color samples (Table©. When considering all colors 
together, we find a minor amount of evolution with a power- 
law index of m = 0.41 ± 0.20 for the case of r max = 30 /j _1 kpc 



cr 
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FIG. 3. — Upper: rest-frame g — r vs. evolution-corrected absolute B-band 
magnitude (M g ) diagram. Lower panel: rest-frame B — R vs. evolution- 
corrected absolute B-band magnitude (M e B ). The solid lines denote the color 
thresholds adopted in our work to separate the blue and red galaxy popula- 
tions. The vertical dotted lines in each panel indicate the bright and faint limit 
of M e B used to select samples for pair studies. 
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FIG. 4. — (1) Left: the apparent S-band magnitude selection S m (R) as a 
function of the apparent R-band magnitude. The peak completeness is about 
55% ~ 60%. (2) Middle: the apparent color selection function S C (B-R,R- 
I. R) as a function the apparent color B - R and R-I for DEEP2. The colors 
correspond to various ranges of the selection function (red is for S c > 0.5; 
yellow is for 0.4 < S c < 0.5; green is for 0.3 < S c < 0.4; blue is for 0.2 < 
S c < 0.3; black is for S c < 0.2). (3) Right: the apparent S-band surface 
brightness selection function Sss(ti-R-R) as a function the apparent R-band 
surface brightness for DEEP2. The colors correspond to the apparent R-band 
magnitude (red is for 23.5 < R < 24.1; yellow is for 23 < S c < 23.5; green is 
for 22<R< 23; blue is for 21 < R < 22; magenta is for 20 < R < 21; black 
is for R < 20). 



, and m = 0.41 ±0.14 for the case of r max = 50 /r'kpc . These 
results are con sistent with the value 0.51 ±0.28 given in 
iLin et al.] ([2004), which used a sample 7 times smaller. Blue 
galaxies, however, have stronger evolution m = 1.27 ± 0.35, 
meaning that the probability of blue galaxies having a blue 
companion is higher at higher redshift. Red galaxies, on the 
other hand, have higher chance of being found in r-r pairs at 
lower redshifts than at high redshifts, as indicated by the neg- 
ative power index (m = -0.92 ± 0.59). Finally, N'" , which 
measures the mixed pair fraction, is also found to decrease 
with increasing redshifts (m = -1.52 ±0.42). Except for the 
mixed pairs, there is very weak dependence of m on the cho- 
sen r max , suggesting that our derived m is not strongly affected 



WET, DRY, AND MIXED GALAXY MERGERS IN DEEP2 



5 



53 
52.5 
52 









: Field 1 
























213.5 214 


214.5 


215 215.5 




RA 






351.5 352 352.5 353 353.5 




50 100 150 200 250 



50 100 150 200 250 



50 100 150 200 250 
6 (arcsec) 

FIG. 5. — Left: The spatial distribution of the geometric selection function 
for DEEP2 Fields 1, 3, and 4. The colors correspond to various ranges of the 
selection function (red is for S c > 0.5; yellow is for 0.4 < S c < 0.5; green is 
for 0.3 < S c < 0.4; blue is for 0.2 < S c < 0.3; black is for S c < 0.2). Right: 
The angular weights (u>g) as a function of angular separation (9) of pairs. 



by the incomplete sampling rate at small scales. On the other 
hand, the significant change of m for mixed pairs when vary- 
ing r max may indicate a change in the environment that hosts 
mixed pairs over time. 

The evolutionary trends of blue and red galaxies can be un- 
derstood as follows: the pair fraction is proportional to the 
galaxy number density times the integral at small scales of 
the real space 2-point correlation function. The galaxy cor- 
relation function is normally approximated by a power law 
£ = {r/roY 1 at distances ranging from 0. 1 to several Mpc. Un- 
der the assumption that the clustering strength at small scales 
follows the same power law, the pair fraction inside a physical 
radius R can be related to the correlation function as 



fpi 



R/a 
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£4nr 2 dr oc n g ^-R 3 ^(l +zf 
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(4) 



where a is the expansion factor, R is the maximum separa- 
tion of close pairs in physical length, and n g is the comov- 
ing galaxy number density. The study of galaxy clustering 
of DEEP2 galaxies suggests that there has been little evolu- 
tion in 7 for either blue or red galaxies since z ~ 1, and ro 
increases slightly, by 10% and 15 % for blue and re d galaxies 
respectively, from z ~ 1 to z ~ dCoil et all 12008). Adopt- 
ing 7 = 1 .64 (2.06) for blue (red) galaxies at z = 1 dCoil et al.l 
2008), and accounting for the increase in numbe r density of 
blue ( red) galaxies by a factor of 1 (2) since z = 1 (Fab er et all 
120071) . we obtain m =1.14 (-0.48) for blue (red) galaxies by 
comparing the pair fraction at z = 1 and z = using Equa- 
tion |U These values of m are fully consistent with what we 
have found for kinematic pairs of both blue and red galax- 
ies, indicating that the pair fraction evolution is a natural con- 
sequence of evolution of galaxy number density and galaxy 
clustering. While consistency with the overall number den- 
sity and correlation function studies is encouraging, the close 
pairs we use here directly probe what is really happening on 
small scales (ie. rather than an inward extrapolation of the 
correlation function). 

3.2. The Major Merger Rates of Wet Mergers, Dry Mergers, 
and Mixed Mergers 



Here we define the galaxy major merger rates as the num- 
ber of merger events involving at least one galaxy within 
-21 <M C B < -19 to merge with another galaxy with luminos- 
ity ratio between 4: 1 and 1 :4 per unit volume per gigayear. 
This quantity can be derived from the pair fraction together 
with the known galaxy number density and the assumption 
about the timescale of being pairs before final mergers. It is 
worth noting, however, the pair fraction in §3.1 is computed 
using pairs drawn from within a luminosity range of 2 mag. 
Some true companions may fall outside the absolute magni- 
tude range of our sample, while some selected companions 
have luminosity ratios outside the range of 4:1 to 1:4. To ac- 
count for both of these effects, we use the following equation 
to convert the pair fraction fo r the case of r„ mx =30 /r'kpc into 
merger rates dLin et al.ll2004h : 



N mg = (0.5 + G) x n g {z)C mg N c {z)T h 



mg ' 



(5) 



where T mg is the timescale for close pairs to merge, C mg de- 
notes the fraction of galaxies in close pairs that will merge 
within T mg , n g {z) is the comoving number density of galaxies, 
and G is the correction factor that accounts for the selection 
effect of companions due to the restricted luminosity range. 
The factor of 0.5 converts the number of merging galaxies into 
the number of merger events (i.e., on average, two close com- 
panions correspond to one galaxy pair and hence one merger). 
The smallest separation pairs with r max = 30 /r'kpc are the 
best tracers of future mergers, and hence our calculations be- 
low of merger rates are based on the pair statistics from pairs 
with r max = 30 /r'kpc . We adopt a crude value o f T mt = 0.5 
Gyr, as suggested by m ajor merger simulations (IConselice I 
I2006t lLotz etaT]|2008bl) and C = 0.6, by estimating the frac- 
tion of pairs that are closer than 30 /r'kpc in real 3-D space 
among those selected by 10 /r'kpc < r p < r max /r'kpc and 
Av < 500 km s" 1 . It is worth noting that the uncertainty 
of T mg is at least a factor of 2. Here we make a simple as- 
sumption that T mg is the same for all types of mergers. The 
motivation behind th is is that the Zj-band light is a good tracer 
of dynamical mass dKannappan & Wei 2008) and hence the 
merger timescales should be approximately similar for red- 
red, blue-blue, and mixed pairs when selected with a fixed 
Mb range at a given redshift. The correction factor G for wet 
and dry mergers is defined as 



l + G = 



r A 

hi 



"(z) 



n(M, z)dM n(M' , z)dM' 



Ml 



a ^n(M,z)dM) 2 



(6) 



where Mf n {z) = -21 - Qz, and M B ,aj (z) = -19 - Qz in our case. 
Here n(M,z) is the galaxy number density for galaxies with 
magnitude M at redshift z. The numerator in Equation|6]gives 
the integrated number density of the secondary sample used 
to search for companions with a luminosity ratio between 4: 1 
and 1 :4 relative to the primary galaxies, weighted by the num- 
ber density of primary galaxies within -21 < M e B < -19 n . 
The denominator gives the integrated number density of com- 
panions with -21 < M B < —19 weighted by that of the pri- 
mary galaxies within the same luminosity range. This calcula- 
tion assumes that the number of companions per galaxy traces 
the number density of galaxies as measured by the luminosity 
function, and assumes that there is no luminosity-dependent 
clustering. 

1 1 The primary galaxy can be either the bright one or the less luminous one 
in pairs 
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d) mixed pairs 
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FIG. 6. — The pair fraction as a function of redshift for different types of close pairs using r max =30 h 1 kpc (top panel), 50 h 1 kpc (middle panel), and 100 h 1 
kpc (bottom panel). From left to right: all pairs, b-b pairs, r-r- pairs, and mixed pairs. Colors represent data points from different surveys: green for the SSRS2 
(z ~ 0.01), MGC (z ~ 0.12), and CNOC2 (z ~ 0.34); blue for the DEEP2 Fields 1 (blue triangles), 3 (squares), and 4 (pentagons); red is for TKRS. The points 
lying on the X-axis represent the fields where no pairs have been found; they are not included when calculating the fits. The best fits are shown as solid lines 
while the dotted lines represent the m = 3 curves. Different types of pairs evolve differently as a function of redshift denoted by the value of evolution power m 
shown on each plot. The error bars shown in the plot and used for fitting are calculated by bootstrapping. 



For mixed mergers, the above equation is modified into 

Mf*(z) rM+1.5 

l + G=[ n 1 (M,z)dM n 2 (M',z)dM' 

JM"j"(z) JM-1.5 

+ / n 2 (M,z)dM / ni (M' ,z)dM'] 

JM™ m (z) JM-1.5 
fMT(z) rMT(z) 

/[/ m(M,z)dM n 2 (M',z)dM' 

JMf(z) JMf(z) 

+ / n 2 (M,z)dM / m(M',z)dM'], (7) 

JMf>(z) Jm^"(z) 

where n\ and n 2 denote the galaxy number density for blue 
and red galaxies respectively. We use Equation [6] and Equa- 
tion [7] to compute G by adopting galaxy luminosity func- 
tions of blue and red galaxies in the literature (see Table 5 of 
iFaber et aT]|2007l) . The value of G is found to range from 0.4 
to 1.3, depending on the galaxy type and the redshift range. 

Fig. [7] displays the major merger rates as function of red- 
shift for three types of mergers (wet mergers, dry mergers, 
and mixed mergers). When considering all types of mergers 
together, it shows that the absolute merger rate remains fairly 
constant at 1 x 10" 3 /^Mpc^Gyr" 1 for 0.1 < z < 1.2 while 
the average wet merger rate is about 7 x 10~ 4 /z 3 Mpc" 3 Gyr _1 



over the same redshift range. On the other hand, dry merg- 
ers and mixed mergers are found to increase over time. The 
increase rate of dry merger rates is faster than that of the red 
pair fraction due to the increase in comoving number density 
of red galaxies towards lower redshift. It is worth noting that 
the uncertainty of the absolute merger rates quoted above is at 
least a factor of 2 due to the uncertainty in T mg . 

Fig. [8] shows the relative fraction of different mergers in 
a given redshift bin. At z > 0.2, wet mergers dominate the 
merger events while dry mergers contribute by a much lesser 
degree. However, at z = 0.1, the relative proportions are more 
similar. The ratio between wet mergers, dry mergers, and 
mixed mergers is 9:1:3 at z ~ 1.1 and 6:5:9 at z ~ 0.1, in- 
dicating that the role of dry and mixed mergers becomes in- 
creasingly important towards lower redshifts. We also com- 
pare our results with the theoretical predictions of the rel- 
ative fraction of mergers f or different morphological types 
dKhochfar & Burkertll2003l) . These predicti ons are based on 
semi-analytical galaxy for mation models feauffman n et al.l 
1999; Spri ngeletal.ll2001l) and merg er tree techniques de- 
scribed in [Somerville & Kolatt (1999). More details of the 
models used by i Khochfar & Burkertl ( 2003b can be found in 
iKhochfar & Silk) d2006l) . The three colored lines in Fig. [8] 
represent the model predictions of the fraction of mergers be- 
tween early-type galaxies (E-E), late-type galaxies (Sp-Sp), 
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FIG. 7. — Comoving volume major merger rate as a function of redshift for the various types of mergers as indicated in the plots. Different symbols represent 
data from different survey fields as described in Fig. [6] The errors shown here represent the uncertainty coming from the pair counts in our samples, and do not 
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FIG. 8. — Fraction of major mergers for wet (blue symbols), dry (red sym- 
bols), and mixed mergers (green symbols) as a function of redshift. The data 
points represent results from the DEEP2, TKRS, CNOC2 and MGC surveys. 
The three color l ines show the semi-an alytical predictions of Sp-Sp, E-E, and 
E-Sp mergers by Khochfar & Burkert ( 2003) but for a field-like environment, 
corresponding to a dark matter halo of mass M ~ 1O 13 M . The data and the 
model prediction are in good agreement, both showing an increasing fraction 
of dry (E-E) and mixed (E-Sp) mergers with decreasing redshift. 



and mixed mergers (E-Sp) for a field-like environment, corre- 
sponding to a dark matter halo of mass Mo ~ 10 I3 M Q . Our 
observational result is in good agreement with the model pre- 



dictions by Khochfar & Burkert] (I2003I) . both showing an in- 
creasing fraction of dry and mixed mergers with decreasing 
redshift since z ~ 1 . 

4. DISCUSSION 

From the analysis of spectroscopic close pairs, we find that 
the pair fraction and its evolution depend on the colors of 
galaxies. By parameterizing the pair fraction N c oc (1 + z) m , 
m is found to be 0.41 ± 0.2 for the full sample of 0.4L* <L< 
2.5L* galaxies regardless of the companion 's color, consistent 
with the previous result by iLin et al.1 (120041) . It is also in good 
agree ment with the theore tical predictions using pairs of sub- 
halos (Berrier et al.l l2006). Blue galaxies have slightly faster 
evolution in the blue companion rate (W* ) as m ~ 1.3 while 
red galaxies possess inverse evolution with m ~ -0.9 in the 
red companion rate {N r c ). 

Our analysis of N c , iV* , N r c , or TV™ rules out rapid red- 
shift evolution for m > 3 at a 4-sigma level. This evolu- 
tionary trend in the pair fraction can be explained within the 
context of the observed evolu tion of the two-point correla- 
tion function (ICoil et aI1l2008l) and the galaxy number den- 
sity dFaber et al.1 l2007t) . After converting the pair fraction 
into galaxy merger rates with the assumed merging fraction 
in pairs and the merger timescale, we find that the absolute 
merger rate is about 1 x 10~ 3 /z 3 Mpc~ 3 Gyr _1 (with a factor of 
2 uncertainty) for 0.1 < z < 1.2. Adopting h = 0.7, our esti- 
mate is in good agreement with the merger rate 2- Ax 10~ 4 
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Gyr" 1 Mpc" 3 obtained by lLotz et al] d2008l) based on mor- 
phological approaches. At z ~ 1.1, 68% of mergers are wet, 
8% of mergers are dry, and 24% of mergers are mixed, com- 
pared to 31% wet mergers, 25% dry mergers, and 44% mixed 
mergers at z ~ 0.1. Wet mergers dominate merging events 
at z = 0.2- 1.2, but the relative importance of dry and mixed 
mergers increases over time. The good agreement between 
our observed fracti on of various types of mer gers and the 
predicted results in Khochfar & BurkerJ (l2003h using semi- 
analytical models supports the importance of the merging hy- 
pothesis within the framework of hierarchical structure forma- 
tion. In the following sections we discuss several implications 
of our results. 



4.1. Mild Evolution or Fast Evolution ? 

The mild evolution of pair fractions and merger rates 
from z ~ 1 to is consistent with sev eral previous studies 
from either pair counts or morpho logies (ICarlberg et alJ2000t 
iLin et al] 120041: lLotz et all 120081), b u t disagrees with other 
recent works dLe Fevre et al] l2000t IConselice et al] 120031: 
Cassat aet alJ l2005t IKampczyk et al] 120071 : Kartaltep eet al.1 



2007) which c laim much h i gher e volu tion rates . How ever, 



as discussed in Patton et al. (2002) and lLin et ail (120041) . the 
pair fraction or merger fraction is a function of galaxy lumi- 
nosity, hence its evolution depends on how the samples are 
defined. Moreover, photometric pairs suffer from the contam- 
ination by interlopers, although the spectroscopic pairs may 
be biased since no spectroscopic survey is complete. There- 
fore applying careful projection and completeness corrections 
in a consistent way across the entire red shift range is cruc ial to 
pin down the true pair/merger fraction. lLotz et ail (120081) also 
point out that part of the evidence for rapid evolution in the 
literature comes from the adopted low pair or merger fraction 
at z ~ 0. In this work, we select galaxies within a luminosity 
range such that they evolve in the same way as the L* galax- 
ies out to z = 1 .2, and apply spectroscopic corrections based 
on the characteristics of each sample to account for the vari- 
ous spectroscopic selection effects. 

The low -redshift pair fraction at z ~ 0.1 obtained here us- 
ing the MGC sample with 10 /r'kpc < r p < 30 /r'kpc and 
Av < 500 km s" 1 is 5.4%, whi ch is close to the v alue o f 4. 1 % 
determined independently by iDe Propris et al] (120071) using 
same data set but with slightly different pair selection crite- 
ria (r p < 20 /r'kpc ; Av < 500 km s" 1 ; -21 < M B - 51og/i 
< -18). Both of these results are hi gher than the pa i r frac- 
tion of the SPSS samp le reported by iKartaltepe et al.1 (120071) 
and dBell et al.ll2006bl) . Future works calibratin g the merger 
fraction at low redshifts dPatton & Atfieldll2008l) will help to 
disentangle the i ssue of different e volutionary trends (also see 
the discussion in lLotz eta l. 2008). 



4.2. The Accumulated Merger Fraction since z ~ 1 .2 

To determine the accumulated effect of major mergers on 
galaxies at the present epoch, we calculate the fraction of 
present day galaxies that have undergone major mergers since 
z ~ 1.2. We consider two cases here: one has mergers among 
galaxies within -21 < M| < -19 (i.e., the luminosity of both 
pair components is within 0.4L* < L < 2.5L*); the other is for 
galaxies with -21 < M C B < -19 that merge with companions 
with luminosity ratios ranging betw een 4:1 and 1:4. In the 
first case, we follow Equation (32) in Patto n et ail d2000t) : 



fn 



N 1- 



5C mg N c (ZjY 



(8) 



where f rem is the remnant fraction, C mg N c gives the fraction 
of galaxies that will undergo mergers during the time inter- 
val T mg , and Zj corresponds to a look-back time of t = jT mg . 
Adopting C mg = 0.6 as used in §3.2, and N c {z) from the fit of 
the data for the case of r max = 30 /r'kpc , our result implies 
that 22% of today's galaxies with 0.4L* <L< 2.5L* have ex- 
perienced mergers with galaxies within the same luminosity 
range since z ~ 1.2. 

In the second case which is a better probe of the major 
merger rate, Equation[8]needs to be modified as: 



frem -I | _q 

/=1 



l-(l + G)C mg N c (zj) 
5C mg N c ( Zj ) ' 



(9) 



where the term (1 + G) accounts for the missed companions 
(see §3.2). Since the factor G is approximately 1 at all red- 
shifts, we conclude that about 54% of 0.4L* < L < 2.5L* 
galaxies have undergone a major merger since z ~ 1 .2, but this 
depends sensitively on the assumed merger timescale. Both 
estimates above of the re mnant frac t ion ar e about 2-6 times 
greater than that reported in lLin et al] d2004l) . The major cause 
of this difference can be traced to the different definitions of 
major mergers as well as the different choice of pair separa- 
tions when calculating the remnant fraction. 12 

4.3. The Roles of Dry Mergers in the Formation of Massive 

Galaxies 

Previous works have suggested that dry mergers are likely 
responsibl e for the growth of massive galaxi es on the red 
sequence dBell et al] l2004t iFaber et al] 120071) . because of 
the lack of blue galaxies massive enough to migrate from 
the blue cloud to the red sequence. Moreover, there is 
observational evidence showing the nonnegligible amount 
of dry mergers occurring in the past 8 Gyr (van Dokkum 
200 5; Bell et al 200 6 a, White et a l. 2007, although 
see iMasiedi et all l2006t IScarlata et all 120071). as well as 
evidence from theoretical expectations (Khochfa r & Burkertl 
120031: iNaab. Khochfar. & Burkertll2006l:ICattaneo et al.ll2008l) 
. We now discuss the implication of our merger studies on 
this topic. We have shown that at a given luminosity range, 
the merger events are always dominated by wet mergers, fol- 
lowed by mixed mergers, and then dry mergers in terms of 
the event rates over the redshift range 0.2 < z < 1.2. This 
is mainly because the number density of blue galaxies dom- 
inates the total galaxy population in the luminosity range we 
consider. However, given the fact that the pair fraction and 
merger rate also depend on the clustering properties of galax- 
ies in addition to the galaxy number density, the probability 
of red galaxies having a red companion N£ turns out to be 
comparable to the blue companion rate for blue galaxies TV* 
at z < 1.2. At z < 0.4, TVfbecomes even greater than 7Y* as 
shown in Fig.|6]and Table]5] That is to say, the probability of 
mergers within the red sequence is greater than that within the 
blue cloud at low redshifts. 

We can compare our results to previous attempts at measur- 
ing the dry merger frequency. Our derived average over 



12 ILin et al] 12004) calculated the remnant fraction by using pairs with 
Tmax = 20 /i~'kpc and by requiring both merger components to have — 21 < 
Mi < -19. 
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0.1 < z < 0.7 is similar to the fraction o f dry-merger can- 
didates ~ 3% found by iBell et al.1 (l2006al) from the GEMS 
survey. In addition, our fitted dry pair fraction at z ~ is 
about 0.045 (see Table [2ji, which is also in broad agreement 
with the com panion fraction (~ 0. 06) within the red sequence 
estimated by Ivan Dokkuml (120051) using nearby galaxy sam- 
ples. On the other hand, iMasiedi et al.l (|2006) found very 
small merger rates for luminous red galaxies, on the order of 
0.6 x 10 4 Gyr'Gpc -3 from the SDSS Luminous Red Galaxy 
sample (LRG). Their finding is about 23 times lower than our 
estimates of dry merger rates at z ~ 0. 1 and 7 times lower than 
ours at z ~ 0.3 13 . The major discrepancy can be attributed to 
the different luminosity ranges being sampled: their choice of 
faint-end magnitude is brighter than typical L* galaxies by al- 
most 2 mag while ours is fainter than L* by 1 mag. Since the 
luminosity function of red galaxies shows a strong decline to- 
wards the bright end, we expect that mergers occurring among 
luminous red galaxies should be much lower than that among 
less-lu min ous ones. This e ffect is also found by iPatton et al.1 
(l2002h and lDn1^(l2!)04h . 

In order to assess how much dry mergers with luminosity 
ratios less than 4: 1 may contribute to the growth of massive 
red galaxies, we compute the following quantities, < N^J 
>TJn' g (0), where < N*g > is the average dry merger rate over 
< z < 1, T z is the cosmic time since z = 1, and n' g is the num- 
ber density of red galaxies within a 2 mag bin centered on L* 
at z = 0. Taking < N^J > as 2 x 10" 4 /^Mpc^Gyr 1 , T z as 8 

Gyr, and n' g (0) ~ 6.7 x 10" 3 /r 3 Mpc _I , we find that about 24% 
of present red galaxies have experienced dry mergers. Our 
result is slightly lower than the 35% found by Ivan Dokkuml 
(2005), mainly because they have assumed a constant dry 
merger rate over time while we find a decreasing rate of dry 
mergers with increasing redshift. 

4.4. The Role of Mixed and Wet Mergers vs. Dry Mergers 

The contribution of mixed mergers and wet mergers to the 
formation of red galaxies is less straightforward to constrain 
given the difficulty in handling how often and how soon the 
mixed and wet mergers transform the merger remnant into a 
red sequence galaxy. Under the extreme assumption that both 
mixed mergers and wet mergers lead to the formation of red 
galaxies immediately, the fraction of present day red galax- 
ies that have experienced mixed and wet mergers is roughly 
36% and 71% respectively. These values are certainly over- 
estimated since not necessarily all remnants of mixed or wet 
mergers end up in the red sequence. We note that at a fixed 
luminosity, the stellar mass of red galaxies is systematically 
higher than that of blue galaxies (see Equation 1 of Lin et 
al. 2007); in other words, the stellar mass of the progenitors 
of dry mergers is larger than that of wet mergers or mixed 
mergers in our sample since we select the pairs based on the 
luminosity cut in both the blue cloud and red sequence. For 
example, the typical stellar mass of our selected blue galax- 
ies is ~ 2 x 10 10 M Q and that of our red galaxies is ~ 10 M a . 
Hence, the merger remnant of these three types of mergers be- 
ing considered in our sample will likely end up as red galax- 
ies in different stellar mass regimes. A plausible scenario is 
that the star formation is quenched after the process of wet 
mergers and/or mixed mergers, resulting in the formation of 
some portion of the red galaxies with intermediate masses. 

13 Note that their merger rates are quoted using the unit Gpc~ 3 Gyr~' while 
our results in Tableware in /r 3 Mpc~'Gyr~' . We adopt h = 0.7 when doing 
comparisons. 



The massive red galaxies are then built up through dry merg- 
ers between galaxies with intermediate masses at a later time 
since our results suggest that dry-mergers play an increasing 
role at lower redshifts. 

5. CONCLUSION 

Combining the DEEP2, TKRS, MGC, CNOC2, and SSRS2 
catalogs, we study the redshift evolution of the pair fraction 
and major merger rates of wet, dry, and mixed mergers for 
galaxies with -21 < M e B < -19 out to z ~ 1.2. The merger 
candidates are identified as close pairs based on their pro- 
jected separation on the sky and relative line-of-sight veloci- 
ties. Wet, dry, and mixed mergers are classified according to 
the colors of the individual components in close pairs. Our 
results can be summarized as follows: 

1. Parameterizing the evolution of the pair fraction as (1 + 
z) m , we find that to = 0.41 ±0.20 for the full sample, c onsistent 
with the low value of to as found by Lin et al.l (|2004|) . 

2. The values of to depend on the color combination in 
close pairs. Blue galaxies show slightly faster evolution in the 
blue companion rate with to = 1.27 ±0.35 while red galax- 
ies have had fewer red companions in the past as evidenced 
by the negative slope to = -0.92 ± 0.59. On the other hand, 
to = -1.52 ±0.42 for mixed pairs. The different trends of 
the pair fraction evolution are consistent with the predictions 
from the observed evolution of galaxy number densities and 
the two-point correlation function for both the blue cloud and 
red sequence. 

3. For the chosen luminosity range, we find that at low 
redshift (z < 0.4) the pair fraction within the red sequence is 
greater than that of the blue cloud, indicating a higher merger 
probability within the red sequence compared to that within 
the blue cloud. 

4. With further assumptions on the merger timescale 
and the fraction of pairs that will merge, the galaxy major 
merger rates for 0.1 < z < 1.2 are estimated to be ~ 10~ 3 
/i 3 Mpc" 3 Gyr _1 (with the uncertainty about a factor of 2), dom- 
inated by wet mergers (gas-rich mergers) until very recently. 
There were more wet merger events than dry or mixed merg- 
ers because of the higher number density of blue galaxies for 
the chosen luminosity cut. However, the fraction of mergers 
which are dry or mixed increases over time, from 8% and 24% 
at z ~ 1 to 25% and 44% at z = respectively. The growth 
of dry merger rates with decreasing redshift is mainly due 
to the rise in the co-moving number density of red galaxies 
with time. Our results on the fraction of mergers of different 
types are in good agreeme nt with theoretical predictions by 
Khochfar & BurkerJ(|200j based on semi-analytical models. 

5. About 22% to 54% of present-day L* galaxies have ex- 
perienced major mergers since z ~ 1.2, depending on the defi- 
nition of major mergers. Moreover, 24% of the red galaxies at 
the present epoch have had dry mergers with luminosity ratio 
less than 4: 1 since z ~ 1 . 

6. Given the B-band luminosity cut, the blue and red 
galaxies in our sample possess different stellar masses: the 
typical stellar mass of red galaxies in our sample is about 5 
times greater than that of the blue galaxies. By assuming that 
a significant fraction of wet/mixed mergers will end up as 
red galaxies as well as dry mergers, our results suggest that 
the three types of mergers lead to red galaxies in different 
stellar mass regimes: the wet mergers and/or mixed mergers 
may be partially responsible for producing red galaxies with 
intermediate masses while dry mergers in our sample produce 
a significant portion of massive red galaxies at low redshift. 
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We have demonstrated that the redshift evolution of pair 
fractions and merger rates depend on galaxy types, owing 
to the color dependence of the evolution in the galaxy num- 
ber density and clustering. In terms of the absolute number 
of events, wet mergers dominate merger events at 0.2 < z < 
1.2. However, dry and mixed mergers become more impor- 
tant over time, in particular at very low redshifts (z < 0.2). 
Our findings support the late growt h of massive red gala xies 
through dry mer gers as concluded bv lvan Dok kum ( 2005|) and 
iBell et ail (l2006al) . Moreover, our results also suggest that 
wet and mixed mergers are responsible for producing red- 
sequence galaxies in lower stellar mass regimes. More ob- 
servational and theoretical studies on the effects of the three 
types of mergers on the star formation in the merger remnants 
will help us to constrain better the role of galaxy mergers 
in forming red-sequence galaxies. One uncertainty that can 
affect the relative importance of the three types of mergers 
is that we have adopted a constant merger timescale for all 
types of mergers in our analysis. This approach is based on 
the assumption that the fl-band light is a good tracer of dy- 
namical mass dKannappan & W ei 2008) and hence the merger 
timescale should be comparable in different types of pairs se- 
lected by the same Mb cut. Future works to pin down the 
merger timescale more precisely will be valuable in deter- 
mining the relative importance among wet, dry, and mixed 
mergers. 
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Table 1. Pair Statistics Using r max 
Merger Rates 



30 h 'kpc and Comoving Volume 



Sample 


z 


N c 


N c 


AIT 


A Ti ll 

N c 


AT 

Nmg 


"mg 


"mg 


AT mix 
N mg 


DEEP2 Field 1 
(EGS) 


0.623 
0.875 
1.094 


0.047±0.011 
0.048±0.010 
0.061±0.015 


0.027±0.009 
0.041 ±0.009 
().05()±0.013 


0.029±0.012 
0.025±0.014 
0.076±0.052 


0.019±0.007 
0.010±0.004 
0.008±0.006 


1.02E-03 
1.10E-03 
1.13E-03 


4.55E-04 
7.88E-04 
7.31E-04 


1.20E-04 
7.39E-05 
2.21E-04 


3.35E-04 
1.88E-04 
1.09E-04 


DEEP2 Field 3 


0.883 
1.084 


0.041 ±0.008 
().088±0.018 


0.030±0.007 
0.062±0.014 


0.031±0.015 
0.053±0.037 


0.011 ±0.005 
0.027±0.013 


5.71E-04 
1.54E-03 


3.42E-04 
8.22E-04 


5.91E-05 
1.63E-04 


1.22E-04 
3.64E-04 


DEEP2 Field 4 


0.874 
1.083 


0.044±0.009 
0.083±0.023 


0.040±0.010 
0.081 ±0.025 


0.026±0.011 
0.000±0.000 


0.007±0.003 
0.013±0.011 


8.03E-04 
1.25E-03 


5.93E-04 
8.88E-04 


7.04E-05 
0.000E+00 


1.04E-04 
1.53E-04 


TKRS 


0.575 
0.874 
1.056 


0.063±0.014 
0.060±0.014 
0.159±0.050 


0.034±0.014 
().039±0.013 
().()92±().()37 


0.019±0.009 
0.074±0.038 
0.000±0.000 


0.034±0.010 
0.014±0.007 
0.076±0.039 


1.45E-03 
1.62E-03 
2.21E-03 


5.94E-04 
9.00E-04 
1.06E-03 


8.64E-05 
2.54E-04 
0.000E+00 


6.29E-04 
2.86E-04 
8.11E-04 


SSRS2 


0.014 


0.028±0.006 
















MGC 


0.120 


0.054±0.005 


0.023±0.004 


0.043±0.006 


0.024±0.003 


1.60E-03 


4.98E-04 


4.00E-04 


7.20E-04 


CNOC2 


0.335 


0.041±0.011 


0.025±0.011 


0.032±0.016 


0.013±0.007 


9.55E-04 


5.41E-04 


1.37E-04 


2.47E-04 



NOTE. — Here N c is the companion rate per galaxy; is the blue companion rate per blue galaxy; N r c denotes the red companion rate per red galaxy; N"' gives the average number 
of companions with colors opposite that of the primary galaxy. N mg , , , AfJJ* are the comoving merger rate for total mergers, wet mergers, dry mergers, and mixed mergers in 
units of number of mergers /i 3 Mpc~ 3 Gyr _1 . 



Table 2. Results of Fitting Parameters for The Pair Fraction 



Pair Types 


N c (0) 30 


m 30 


N C (Q) 50 


m 50 


N c (0) 100 


m m 


All 


0.041 ±0.004 


0.41 ±0.20 


0.084±0.006 


0.41±0.14 


0.210±0.004 


0.29±0.05 


Blue-Blue 


0.018±0.004 


1.27±0.35 


0.029±0.004 


1.32±0.28 


0.082±0.007 


1.09±0.15 


Red-Red 


0.045 ±0.009 


-0.92±0.59 


0.099±0.013 


-0.51 ±0.40 


0.262±0.021 


-0.85±0.23 


Mixed 


0.029±0.005 


-1.52±0.42 


0.048±0.006 


-0.64±0.26 


0.099±0.008 


-0.29±0.16 



NOTE. — Here N c (0) and m are the fitting parameters for the evolution of pair fraction in the form of N c = N C (0)(1 +z) m . The superscripts 30, 50 and 100 denote the values of r m , 
unit of /r'kpc used to select close pairs. 
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